Thermal evolution of the structure of glass-coated nanocrystalline FeCoMoB microwire during its devitrification has been studied. It is shown that annealing at the temperature above 411 o C leads to the formation of crystalline α-FeCo grains with diameter ~ 12 nm. Annealing at higher temperature increases the crystalline weight fraction up to 40% at 565 o C. However, crystalline grains size increases very weakly to ~ 13 nm. The thermal expansion coefficient of nanocrystalline microwire decreases by one half comparing to that of the amorphous precursor.
Introduction
Nanocrystalline glass-coated microwires become a new class of material very promising for applications due to their excellent combination of soft magnetic properties and stability of nanocrystalline materials with small dimensions, circular symmetry and insulating glass-coating of magnetic microwires [1] [2] [3] [4] . Nanocrystalline soft magnetic materials are composites that consist of crystalline grains of few nm in diameter (typically ~ 10 nm) embedded in amorphous matrix [5] . They are prepared by controlled thermal treatment of amorphous precursor. Since the crystallographic orientation of the grains is random, the magnetocrystalline anisotropy is averaged out. Due to their dimensions (that are much smaller than the exchange interaction length L ex ~ 35-45 nm), their easy axis is finally given by the exchange interaction between crystalline grains through the amorphous matrix.
Amorphous glass-coated microwires (as a precursors for nanocrystalline microwires) are composite materials that consist of metallic nucleus (of diameter 0.5-40 µm) and glass-coating (thickness of 2-20 µm) [6, 7] . They are prepared by drawing and quenching of master alloys by Taylor Ulitovsky method. Since there is no crystalline structure, the most important anisotropies that control the magnetic properties are magnetoelastic and shape anisotropy. Finally, the domain structure of microwire with positive magnetostriction consists of single axial domain in the centre of the wire that is surrounded by the radial domain structure [8] . Such domain structure results in magnetic bistability (e.g. magnetization can have only two values: -M s and M s ; being M s the saturation magnetization).
Moreover, the magnetization process that is governed by a single Barkhaussen jump when the applied field approaches the switching field. The switching field is sensitive to the external parameters (temperature, stress, etc.) what makes the microwire ideal material for sensing application.
Combination of nanocrystalline structure and glass-coated microwire leads to a very interesting material that is structurally very stable and magnetically very soft [1, 2] . However, glasscoating introduces additional stresses during thermal treatment that sometimes results in the appearance of new non-magnetic phases (γ-Fe) [9, 10] . Hence, new classes of nanocrystalline microwires FeNiMoB and FeCoMoB has been developed to avoid such a problem [1, 2] .
Moreover, nanocrystalline FeCoMoB microwire is characterized by a high Curie temperature and high magnetization -properties necessary for high temperature applications. Surprisingly, its magnetic softness is not influenced by heat treatment within a wide range of temperatures (450-600 o C).
The aim of this work was to study the evolution of nanocrystalline structure of FeCoMoB glass-coated microwires during the heat treatment in order to explain their unusual magnetic stability when they are heat treated in a quite wide range of temperatures.
Experimental details
The in-situ X-ray diffraction (XRD) experiments were carried out with the multipurpose diffraction instrument at the high-energy beamline BW5 of the DORIS III positron storage ring operated by DESY/HASYLAB (Hamburg, Germany). A bunch of FeCoMoB microwires was put into a quartz capillary having a diameter of 2 mm. Annealing was performed using a two-lamp infrared furnace. The sample temperature was controlled by a thermocouple positioned in the vicinity of the sample. Capillary containing the sample was instantaneously pumped down using a turbo molecular pump so that the vacuum was better than 10 having the cross section of 1×1 mm 2 . Diffracted photons were collected using an image plate detector MAR345 (2300×2300 pixels, pixel size 150×150 µm 2 ). Sample to detector distance, detector orthogonality with respect to the incoming radiation, as well as the instrumental broadening were determined by fitting a standard reference LaB 6 specimen. Obtained two-dimensional XRD patterns were integrated using a FIT2D program [11] .
Theory
In our work we start from results presented by P. Riello et al. [12] in which they introduced a technique that allows an evaluation of the weight fraction of an amorphous phase from the total scattered intensity in the situation when the global chemical composition of the specimen and the composition of all existing crystalline phases in the amorphous matrix are known. No information about chemical composition of the residual amorphous matrix is necessary and no external or internal standards are used. According the work of P. Riello et al. [12] (namely equations (4) and (4b) presented there) the weight fraction of the formed crystalline compound X crys can be written using a represented by second order polynomial was refined as well. Before applying equation (1) the background contribution was subtracted from Y total . The total scattering intensity can be expressed as
In the process of nonlinear curve fitting, the function [ ]
was minimized and totally 16 parameters were refined.
3.
Results and discussion Figure 1 shows XRD pattern of the as-prepared FeCoMoB microwire before and after background subtraction due to air and the quartz capillary scattering. This background signal was obtained by measuring empty capillary using the same conditions as for the sample. Obtained XRD pattern reveals diffuse character indicating completely amorphous state of the as-prepared microwires. The pattern can be characterized with the dominant broad maximum positioned at 2θ ~ 3.5° and one small maximum at 5.9°. Less intense diffuse peak located at 1.75° (see arrow in fig. 1 ) originates from the scattering of photons on the Pyrex-like glass which is actually covering microwires.
Since the glass-coated microwires are composite materials, it is quite difficult to measure the thermal expansion coefficient of metallic nucleus that finally determines the stress applied on it by glass-coating. However, using the below-described X-ray technique, the thermal expansion coefficient can be estimated very precisely. however careful analysis reveals slight differences. Yavari et al. [15] showed that tracing the position of the principal diffraction peaks with the temperature could be used for quantitative analysis of the volume changes: quantitatively follow this phase transformation the separation of contributions to the total intensity coming from the identified crystalline phase α-FeCo and the residual amorphous matrix was performed. The crystallinity degree was determined applying equation (1) . Regarding the fact, that the weakly intense maximum located in the the 2θ-interval from 1.2° to 2.3° includes mainly scattering from the Pyrex-glass cover of microwires, this 2θ-interval was excluded from the profile fitting procedure. Figure 4 demonstrates the fitting results for a one selected XRD pattern (taken at 472 °C).
One can observe that the crystalline and amorphous parts are clearly distinguishable. It follows from the fig. 5 that the amount of the crystalline α-FeCo phase is monotonously increasing with the temperature until it reaches about 40 % of the sample weight at 565 o C. As it will be shown bellow, the increase of crystalline phase volume is a result of nucleation of new grains rather than existing grain growth. Klein at al. [1] have shown that the switching field in nanocrystalline FeCoMoB microwire is constant after the thermal treatment in the temperature interval between 425 °C and 600 °C. On the other hand it was proven that the magnetostriction of FeCoMoB alloys increases after nanocrystallization [18] . Hence, low stresses (introduced by low thermal expansion coefficient, as we show here) can be reason for the invariance of the switching field with annealing temperature.
Conclusions
We have studied the thermal evolution of microstructure of amorphous and nanocrystalline 
